spermatozoa, which are capacitation and the acrosome reaction (Stival et al., 2016) . The environments in the male and female sexual organs are indispensable to complete most of those steps, making it challenging to elucidate the molecular basis for how spermatozoa acquire their motility and fertility.
Compared to other species, Caenorhabditis elegans has significant advantages for studies of sperm motility and fertility (L'Hernault, 2009; Ma, Zhao, Sun, Shimabukuro, & Miao, 2012; Nishimura & L'Hernault, 2010 , 2017 , because these events naturally occur during spermiogenesis and will also occur in a simple, chemically defined medium without either hormones or accessory cells. Incubation of C. elegans spermatids with spermatid-activating factors (SAFs) stimulates these round, sessile cells to extend pseudopods (instead of flagella), transforming them into motile spermatozoa ( Figure 1A-C) . Treatment of spermatids with certain, but not all, SAFs results in amoeboid spermatozoa that are competent to fertilize oocytes. C. elegans spermatids contain multiple membranous organelles (MOs) ( Figure 1D ), which are secretory vesicles that, collectively, are analogous to the mammalian sperm acrosome (Gleason et al., 2012) . Each MO fuses with the plasma membrane (PM) and releases its contents into the extracellular space ( Figure 1E ). Caenorhabditis elegans fertilization requires the activity of spe-9 class genes. One of these genes, spe-41/trp-3, encodes a Ca 2+ channel transmembrane (TM) protein that relocates from the MOs to the pseudopodial and cell body surface during MO fusion (Takayama & Onami, 2016; Xu & Sternberg, 2003) . In contrast, the SPE-9 TM protein resides in the spermatid PM but translocates to the pseudopodial membrane during spermiogenesis (Zannoni, L'Hernault, & Singson, 2003) . Relevant to the MO fusion, the acrosome reaction also undergoes (B) Exposure of either hermaphrodite-or male-derived spermatids to activating factors (SAFs) causes them to first transiently extend surface protrusions as they activate to become spermatozoa. (C) The surface protrusions coalesce and a single pseudopod is extended from the cell body that allows spermatozoa to crawl. (D) Spermatids contain multiple membranous organelles (MOs), and together, they are analogous to the acrosome in mammalian spermatozoa. (E) After spermatids are stimulated with activators, the MOs fuse with the plasma membrane (PM) and release their contents into the extracellular space. The MO collars leave a permanent fusion pore in the cell body PM of spermatozoa. Additionally, some SPE-9 class proteins, which are required for gamete fusion, relocate onto the entire sperm surface or the pseudopod surface, where gamete fusion occurs. MO fusion is required for spermatozoa to move properly and to become fertilization-competent the relocation of fusogenic proteins, such as EQTN (equatorin) (Toshimori, Tanii, Araki, & Oura, 1992) and IZUMO1 (Inoue & Wada, 2018) , onto the equatorial segment of sperm heads, where spermatozoa fuse with the oocyte PM. Past genetic studies identified several C. elegans genes that are involved in spermiogenesis (L'Hernault, 2009; Nishimura & L'Hernault, 2010) . These include the genes that encode SPE-8 (non-receptor-type tyrosine kinase) (L'Hernault, Muhlrad, Clark, Nasri, Sullivan, & LaMunyon, 2014; , SPE-12 (singlepass TM protein) (L'Hernault et al., 1989; Nance, Minniti, Sadler, & Ward, 1999; , SPE-19 (single-pass TM protein) (Geldziler, Chatterjee, & Singson, 2005) , SPE-27 (soluble protein) (Minniti, Sadler, & Ward, 1996) , SPE-29 (single-pass TM protein) (Nance, Davis, & Ward, 2000) and SPE-43 (two isoforms, single-pass TM and secreted proteins) . Mutations affecting any one of these six genes show the same phenotype; hermaphrodites are self-sterile but are cross-fertile after being mated with males carrying the same mutation. The above six proteins are categorized into the SPE-8 class, which define components required for hermaphrodite-dependent spermiogenesis (L'Hernault, 2009; Nishimura & L'Hernault, 2010) . Analyses in males have shown that there is also a malespecific pathway of spermiogenesis that is independent of the SPE-8 class proteins (Ellis & Stanfield, 2014; Smith & Stanfield, 2011) .
Spermatozoa Spermatids
The SPE-8 class-dependent pathway is considered to use a hermaphrodite-derived SAF (hSAF) in vivo, but its identity is currently unknown. Studies using spermatids from any of the spe-8 class mutants showed that the bacterial protease mixture, pronase (Pron), can function as an in vitro SAF, but the resulting spermatozoa have multiple spiky surface membrane extensions rather than a single motile pseudopod (L'Hernault, 2009; Ma et al., 2012; Nishimura & L'Hernault, 2010; . Zinc also can activate the pathway in vitro (Liu, Chen, Shang, Huang, & Miao, 2013) , and the zinc transporter gene zipt-7.1 is essential for spermiogenesis in both hermaphrodites and males (Zhao et al., 2018) . The male-derived SAF (mSAF) functions in the SPE-8 class-independent pathway and is likely the serine protease TRY-5 that is found in seminal fluids (Smith & Stanfield, 2011) . The snf-10 gene is also required for male-dependent spermiogenesis, and it encodes a solute carrier 6 (SLC6) transporter protein found on the spermatid PM that relocates to the cell body during spermiogenesis (Fenker et al. 2014) .
A recent pharmacological study showed that mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38, act through Ca 2+ signaling to regulate C. elegans spermiogenesis (Liu, Wang, He, Zhao, & Miao, 2014) . Whether MAPKs are involved in the SPE-8 class-dependent or class-independent pathways or both is currently unclear.
Suppressor screening of spe-8 class mutants showed that certain mutations in either of spe-4 (Arduengo, Appleberry, Chuang, & L'Hernault, 1998; Gosney, Liau, & Lamunyon, 2008; L'Hernault & Arduengo, 1992) , spe-6 (Muhlrad & Ward, 2002; Varkey, Jansma, Minniti, & Ward, 1993) or spe-46 (Liau, Nasri, Elmatari, Rothman, & LaMunyon, 2013) genes rescue the self-sterility of spe-8 class mutants, suggesting that SPE-4 (presenilin-like aspartic protease), SPE-6 (casein kinase 1-like serine/threonine kinase) and SPE-46 (six-pass TM protein) proteins function downstream of SPE-8 class proteins in hermaphrodite-dependent spermiogenesis. Any of these three suppressor mutations also cause ectopic spermiogenesis in the male gonads. Usually, male-derived spermatids only activate into mature spermatozoa after they are mixed with seminal fluid during ejaculation into the hermaphrodite uterus during mating, so this premature activation occurred despite a lack of competent mSAF. These findings suggested that SPE-4, SPE-6 and SPE-43 prevent precocious activation of spermatids before hSAF or mSAF trigger spermiogenesis and that the SPE-8 class-dependent and class-independent pathways merge together.
However, how the SPE-8 class-dependent and class-independent pathways are functionally related to each other and how either pathway elicits pseudopod extension and MO fusion are not well understood. A key piece of information that is currently lacking and might explain this gap in our knowledge is that no in vitro SAFs are available that activate the SPE-8 class-independent pathway like mSAF. In this study, we found that proteinase K (ProK), a bacterial serine protease, can activate the SPE-8 class-independent pathway. We also examined whether ProK and other known SAFs stimulate pseudopod extension (sperm formation) and MO fusion (sperm activation) in various mutant spermatids and whether MAPK inhibitors affect spermatid activation.
These analyses suggested that the spe-8 class genes are involved in both hermaphrodite-and male-dependent spermiogenesis and that MAPKs are preferentially involved in the Pron-and Zn 2+ -activated SPE-8 class-dependent pathways. We took a combined pharmacological and genetic approach to further analyze the mechanism of C. elegans spermatid activation. First, we screened a chemical library and discovered that DDI-1 blocks pseudopod extension and partly affects MO fusion during either Pron-or ProK-stimulated spermiogenesis. Second, evaluation of three DDI-1 derivatives showed that they block Pron-induced sperm formation but do not affect ProK-activated spermiogenesis. Finally, we used a forward genetic screen to isolate two mutants that produce spermatids capable of undergoing spermiogenesis in the presence of DDI-1. These analyses are most consistent with a new model of C. elegans spermiogenesis pathways.
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| RESULTS

| The SPE-8 class-independent pathway related to male-dependent spermiogenesis is activated by ProK
Previous work by others has shown that proteases can participate in spermatid activation both in vivo (Smith & Stanfield, 2011) and in vitro (Ward, Hogan, & Nelson, 1983) . We tested several additional proteases (data not shown) and found that the microbe-derived serine protease ProK could induce spermiogenesis in male-derived spermatids from N2 and spe-8 class mutants (spe-8(hc40), spe-12(hc76), spe-19(eb52) and spe-27(it110)) ( Figure 2 ). Before stimulation with SAF, N2 and spe-8 class mutant spermatids all showed similar round morphology (Figure 2A -E). The fluorescent dye FM1-43 (Washington & Ward, 2006) specifically stained the PM of each cell type ( Figure 2A′ -E′), indicating that MO fusion does not occur in spermatids. By incubation with ProK, ~94% of N2 spermatids extended a pseudopod ( Figure 2F ). The pseudopod-bearing cells showed punctate FM1-43 staining at the PM of each cell body ( Figure 2F′) , showing that the MO fusion with the PM occurred. ProK treatment also caused ~67, ~92, ~45 and ~87% of spe-8, spe-12, spe-19 and spe-27 mutant spermatids to undergo spermiogenesis and become spermatozoa ( Figure 2G -J, G′-J′). In contrast, Pron, a bacterial protease mixture that is well characterized to activate spermiogenesis in a SPE-8 class-dependent manner (L'Hernault, 2009; Ma et al., 2012; Nishimura & L'Hernault, 2010; , triggered the sperm formation and activation in ~94% of N2 spermatids ( Figure 2K ,K′), but not in spe-8 ( Figure 2L ,L′), spe-12 ( Figure 2M ,M′), spe-19 ( Figure 2N ,N′) and spe-27 ( Figure 2O ,O′) mutant cells. We used ZnCl 2 -and 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) treatments as control experiments. The labile zinc is known to activate the SPE-8 class-dependent pathway (Liu et al., 2013) and showed similar effects to those of Pron; Zn 2+ promoted the pseudopod extension and the MO fusion in ~48% of N2 spermatids (Supporting Information Figure S1A ,A′), but not in spe-8 class mutant spermatids (Supporting Information Figure S1B -E,B′-E′). AEBSF is an activator of MAPKs (Wijayanti, Kietzmann, & Immenschuh, 2005) , and it could induce the sperm formation (Supporting Information Figure S1F -J) and activation (Supporting Information Figure S1F′ -J′) in both wild-type and any of the several spe-8 class mutant spermatids that were tested. Thus, ProK showed a novel activity because it could activate spe-8 class mutant spermatids into spermatozoa that had similar cytology to that of wild type.
| SPE-8 class proteins may act in both hermaphrodite-and male-dependent spermiogenesis
We next examined if the ProK-activated pathway is functionally related to the SLC6 transporter gene snf-10, as this gene seems to be involved in male-dependent spermiogenesis (Fenker et al., 2014) . When him-8(e1489) spermatids ( Figure  3A ,A′) were incubated with Pron ( Figure 3B ,B′) and ProK ( Figure 3C ,C′) as controls, ~83 and ~94% of the cells underwent both the pseudopod extension and the MO fusion, respectively. However, him-8(e1489); snf-10(hc194) cells ( Figure 3F ,F′) could not respond to either Pron as shown previously (Fenker et al., 2014 ) ( Figure 3G ,G′) or ProK ( Figure  3H ,H′). Thus, these data suggest that Pron and ProK activate male-dependent spermiogenesis. ZnCl 2 , as expected, induced activation of control spermatids into spermatozoa ( Figure Genes to Cells
al. (2014) showed that labile zinc triggers spermiogenesis in the same mutant cells, but several lines of information about the data, such as an incubation period with Zn
2+
, are unclear in the report. We incubated the snf-10 mutant spermatids with the labile zinc for up to ~40 min, after which formation of spermatozoa was observed at normal levels (data not shown). Thus, snf-10 mutant spermatids seem to respond to Zn 2+ more slowly than control cells. AEBSF stimulated snf-10(hc194) spermatids ( Figure 3J ,J′), resulting in pseudopod extension and MO fusion occurred at ~74% levels of control spermatids ( Figure 3E ,E′). This result suggests that ERK-, JNK-and/or p38-type MAPKs function downstream of SNF-10.
| Intracellular zinc signaling is regulated by MAPKs downstream of SPE-8 class proteins
Spermiogenesis in both sexes requires intracellular zinc signaling that is mediated by the zinc transporter ZIPT-7.1, which appears to function downstream of SPE-8 class proteins (Zhao et al., 2018) . We examined whether Pron and ProK induce spermiogenesis in zipt-7.1(ok971) spermatids. him-5(e1490) ( Figure 4A ,A′) and zipt-7.1(ok971); him-5(e1490) ( Figure 4F ,F′) spermatids were cytologically indistinguishable. After Pron treatment, many zipt-7.1 mutant cells failed to undergo pseudopod extension and MO fusion (~67% levels of control), whereas the remaining mutant cells had MO fusions but extended abnormally short pseudopods (~33% levels of control) (compare Figure 4B ,G,B′,G′), confirming the prior work by Zhao et al. (2018) . Surprisingly, ProK induced spermatid activation in many zipt-7.1 mutant cells (~75% levels of control), and the resulting spermatozoa had pseudopods that were wild type-like in appearance ( Figure 4C ,H,C′,H′). These data are challenging to interpret because the ProK-activated pathway does not absolutely require ZIPT-7.1, yet the zinc transporter partly acts in the SPE-8 class-independent pathway, as a significant number of zipt-7.1(ok971) spermatids failed to be activated into spermatozoa by ProK treatment (~25% levels of control). ZnCl 2 acted as a SAF for control spermatids ( Figure  4D ,D′), but more slowly for the zipt-7.1 mutant cells ( Figure  4I ,I′) (Zhao et al., 2018) , indicating that high levels of labile zinc cannot rescue in vitro spermiogenesis in the mutant cells. Moreover, AEBSF was capable of inducing spermiogenesis in control spermatids ( Figure 4E ,E′), but incapable in the zipt-7.1 mutant cells ( Figure 4J,J′) , showing that the activity of ZIPT-7.1 is presumably regulated downstream of MAPKs.
| Involvement of MAPKs may
be different between the SPE-8 classdependent and class-independent pathways Liu et al. (2014) showed that MAPK activation is regulated by calcium signaling during C. elegans spermiogenesis, and it is likely upstream of the SPE-8 class-dependent pathway. This prior work also suggested that downstream signaling molecules, including MAPKs, might participate in both the SPE-8 class-dependent and class-independent pathways. Indeed, consistent with the downstream merging of these two pathways, we showed that activation of MAPKs with AEBSF triggers spermiogenesis in both spe-8 class (Supporting Information Figure S1 ) and snf-10 (Figure 3 ) mutant spermatids.
If the "merge" model is true, the SPE-8 class-dependent and class-independent pathways would both use the same MAPK(s). We evaluated the effects of several different MAPK inhibitors on wild-type spermatids that were treated with a variety of SAFs ( Figure 5 , Supporting Information Figure S2 ). None of the tested MAPK inhibitors showed significant effects on spermatids in the absence of SAFs (Supporting Information Figure S2A ,F,K,P,A′,F′,K′,P′). During Pron-triggered spermiogenesis, inhibitors to MAPK/ ERK kinases 1/2 (MEK1/2, activators for ERK1/2) and p38 little affected pseudopod extension and MO fusion ( Figure  5 , Supporting Information Figure S2G ,Q,G′,Q′), whereas the JNK inhibitor dramatically blocked both pseudopod extension and MO fusion, reducing the former by 99% (Figure 5 , Supporting Information Figure S2L ,L′).
In contrast, ProK-induced spermiogenesis was not substantially affected by either MEK1/2 ( Figure 5 , Supporting Information Figure S2H ,H′) or p38 inhibitors ( Figure 5 , Supporting Information Figure S2R ,R′). JNK inhibitor only partially blocked pseudopod extension, and ~65% of spermatids could undergo the sperm formation and activation ( Figure 5 , Supporting Information Figure S2M ,M′). In this case, unlike the Pron stimulation in the presence of JNK inhibitor (Supporting Information Figure S2L ,L′), all spermatids that lacked a normal-looking pseudopod always had F I G U R E 5 Evaluation of the spermiogenesis pathway in which MAPKs participate. After pre-incubation of wild-type spermatids with DMSO (mock) or an inhibitor to either MEK1/2, JNK or p38, the cells were activated with the indicated SAFs and then stained with FM1-43. Microscopy was carried out as described for Figure 2 . Spermatozoon formation rates were calculated by subtracting the number of pseudopodbearing cells formed by spontaneous activation from those elicited by SAF treatment. Then, relative spermatozoon formation rates were obtained by assuming that spermatozoon formation rates in the absence of any MAPK inhibitors are 100%. The data shown here are based on micrographs like those shown in Supporting Information Figure S2 and represented as mean ± SD (n = 3). To calculate the rates represented by each histogram bar, more than 1,000 cells were counted unfused MOs (Supporting Information Figure S2M ,M′). These results suggest that the Pron-and ProK-SAFs interact differently with the process(es) mediated by JNK during spermiogenesis. When ZnCl 2 was used as a SAF, spermiogenesis occurred in the presence of MEK1/2 ( Figure 5 , Supporting Information Figure S2I ,I′) and p38 ( Figure 5 , Supporting Information Figure S2S ,S′) inhibitors at ~53% and ~82% levels of control, respectively. In contrast, the JNK inhibitor almost completely blocked both pseudopod extension and MO fusion in zinctreated spermatids ( Figure 5 , Supporting Information Figure  S2N ,N′). So, while the JNK inhibitor affects Pron-and Zn 2+ -mediated spermiogenesis, it is without significant effect on ProK-induced activation. These data suggest that the role played by a MAPK depends on the SAF that is activating spermiogenesis.
The ability of AEBSF to induce spermiogenesis was dramatically inhibited in the presence of MEK1/2 ( As AEBSF is an in vitro SAF that functions to activate intracellular MAPKs, our data suggest that ERK and p38
MAPKs play important roles in an as yet unidentified spermiogenesis pathway(s).
Like our work described above, Liu et al. (2014) showed that 50 μM U0126 (MEK1/2 inhibitor) prevented ~20% of spermatids from extending pseudopods after Pron-stimulation. When they used the same inhibitor at the concentration of 200 μM, spermatid activation was almost completely disturbed. It is unlikely that higher concentrations of MEK1/2 inhibitor are required to show its inhibitory effect, as our data showed that 50 μM MEK1/2 inhibitor can completely block AEBSF-induced spermiogenesis. We discovered that the activity of U0126 was affected when spermatids were pre-incubated with the fluorescent dye FM1-43. Thus, we always added FM1-43 to sperm after incubation with inhibitors and SAFs to avoid any potentially inhibitory effect(s) of FM1-43.
| DDI-1 blocks pseudopod extension during C. elegans spermiogenesis
The Drug Discovery Initiative (DDI, at the University of Tokyo, Japan) provides a variety of chemical libraries (www. ddi.u-tokyo.ac.jp). We screened ~500 compounds that are contained in the DDI Core Library, which consists of ~9,600 entries with divergent structures, and found a compound that interferes with spermiogenesis (named DDI-1 hereafter) ( Figure 6A , Supporting Information Figure S3A ). In the presence of DDI-1, spermatids showed wild type-like cytology (Figure 6Bb ,b′, Supporting Information Figure S4B ,B′). However, during either Pron-or ProK-induced spermiogenesis, pseudopod extension was completely blocked or brought to arrest at an intermediate stage (Figure 6Bf ,h,7, Supporting Information Figure S4G,L) . Surprisingly, MO fusion occurred in most of the treated cells, even though they lacked appropriately formed pseudopods (Figure 6Bf′ ,h′, Supporting Information Figure S4G′ ,L′), indicating that DDI-1 separates these two phenomena that are linked in wild type. DDI-1 showed dose-dependent inhibition, and its 50% inhibitory concentration was ~30 μM toward either Pron-or ProK-induced spermatid activation (data not shown).
We synthesized 20 derivatives of DDI-1 and tested their effects on Pron-and ProK-triggered spermiogenesis. DDI-1A (Supporting Information Figure S3B ), DDI-1C (Supporting Information Figure S3C ) and DDI-1H (Supporting Information Figure S3D ) were eventually selected out of the 20 compounds. Like DDI-1, spermatid cytology was unaffected by the presence of either DDI-1A (Supporting Information Figure S4C ,C′), DDI-1C (Supporting Information Figure S4D ,D′) or DDI-1H (Supporting Information Figure S4E ,E′). However, any of these DDI-1 derivatives affected Pron-induced spermiogenesis, because most treated cells failed to extend a pseudopod ( Figure S4N ,N′) and DDI-1H ( Figure  7 , Supporting Information Figure S4O ,O′), respectively. In contrast, DDI-1 and its derivatives all showed no significant inhibitory effects on Zn 2+ -induced spermiogenesis (Supporting Information Figure S4Q -T,Q′-T′), whereas AEBSF-triggered spermiogenesis was completely blocked by those compounds (Supporting Information Figure S4V -Y,V′-Y′). Our data show that DDI-1 inhibits pseudopod extension after either Pron-or ProK treatment. DDI-1A, DDI-1C and DDI-1H dramatically inhibits spermiogenesis induced by Pron, but these compounds partially inhibit ProK-induced spermiogenesis. It is also likely that the targets of DDI-1, DDI-1A, DDI-1C and DDI-1H are functionally independent of the Zn 2+ pathway and they are regulated by MAPK signaling.
| Isolation of spermiogenesis mutants that are resistant to DDI-1
Resistance to DDI-1 requires assaying males, so we mutagenized him-8(tm611) worms, a strain that produces ~40% male self-progeny (www.wormbase.org). After ethyl methanesulfonate (EMS) treatment of the him-8 mutant worms (P 0 ), we chose 200 healthy-looking P 0 hermaphrodites to put onto plates (10 worms per plate). From each plate, 25 F 1 hermaphrodites were picked to separate plates (500 F 1 worms total). We screened hermaphrodites at the F 3 or later generations of which tested sons all produced spermatids capable of transforming into spermatozoa by Pron stimulation even in the presence of DDI-1 (~20 sons were tested per hermaphrodite). We recovered two mutants that were derived from different P 0 hermaphrodites, temporally named #1-7 ( Figure  8E ,F,E′,F′) and #15-2 ( Figure 8I ,J,I′,J′). Both #1-7 and #15-2 mutants were self-fertile (data not shown) and produced spermatids with normal cytology in either the absence or presence of DDI-1. After Pron treatment, spermatids from either #1-7 or #15-2 males could fuse their MOs and extend a wild type-like pseudopod in either the absence ( Figure  8G ,K,G′,K′) or presence ( Figure 8H ,L,H′,L′) of DDI-1. In contrast, control spermatids treated with Pron showed MO fusion, but not pseudopod extension, in the presence of DDI-1 ( Figure 8D ,D′). Thus, spermatid proteins that participate in the DDI-1 inhibitory activity are presumably affected in #1-7 and #15-2 worms. Although these two mutants were derived from different P 0 hermaphrodites, it is currently unclear that mutant alleles carried by #1-7 and #15-2 worms are the same or different but affect the same gene or affect different genes.
F I G U R E 7
The effect of DDI-1 during spermiogenesis depends on the protease SAF. Spermatids were pre-incubated with DMSO (solvent control), DDI-1, DDI-1A, DDI-1C or DDI-1H, activated with the indicated SAFs and then stained with FM1-43. Microscopy was carried out as described for Figure 2 . The data shown at the vertical axis are ratios of normally looking spermatozoa among total cells, which are indicated as mean ± SD (n = 3), and based on those in Supporting Information Figure S4 . To calculate the ratios, more than 800 cells were counted Genes to Cells TAJIMA eT Al.
| DISCUSSION
Caenorhabditis elegans spermiogenesis is regulated by the SPE-8 class-dependent and class-independent pathways that correspond to hermaphrodite-and male-dependent spermiogenesis, respectively (Ellis & Stanfield, 2014; L'Hernault, 2009; Nishimura & L'Hernault, 2010) . These two pathways both result in the initiation and completion of pseudopod extension and MO fusion. The molecular dissection of the SPE-8 class-independent pathway has been challenging, because an array of SAFs and pharmacologic tools has been lacking.
In this study, we found that ProK is a new tool to explore the SPE-8 class-independent pathway (Figure 2 ). This bacterial protease activated all of tested spe-8 class mutant spermatids. However, the activation rates by ProK varied among the mutants; ~67 and ~45% of spe-8(hc40) and spe-19(eb52) spermatids transformed into spermatozoa, respectively, whereas spe-12(hc76) and spe-27(it110) cells were highly activated at ~92 and ~87% levels, respectively. This implies that a few spe-8 class genes, such as spe-8 and spe-19, might be also involved in the ProK-induced spermiogenesis pathway. Another possibility is that a difference of the substrate specificities of in vivo (presumably TRY-5) and in vitro (ProK) SAFs might cause the differential activation rates of spe-8 class mutant spermatids. ProK is a protease with broad substrate specificity that likely digests numerous spermatidsurface and spermatid-secreted proteins that would likely include the native substrate(s) of TRY-5. Nance et al. (1999) suggested that spe-12 functions in male-dependent spermiogenesis, and this is inconsistent with our observation that ProK could almost completely activate the spe-12 mutant spermatids into spermatozoa (Figure 2 ). Why this discrepancy exists is unclear, but it might be also based on the highly digestive property of ProK, resulting in rescue of a defect that is caused by the spe-12 mutation.
It seems probable that ProK-digestion of spermatid proteins results in an extracellular signal(s). Among in vitro SAFs that have been so far reported, monensin (cation ionophore) (Nelson & Ward, 1980) and triethanolamine (TEA, weak base) (Ward et al., 1983) can activate spe-8 class mutant spermatids into spermatozoa like ProK. However, to induce spermiogenesis, monensin and TEA act within spermatids to raise intracellular pH. Whether monensin and TEA play their roles either downstream of the SPE-8 class proteins or at a certain point in the SPE-8 class-independent pathway or both is not currently known. As it is likely that mSAF functions as an extracellular factor that initiates spermiogenesis in vivo, ProK is a useful substitution for mSAF to use in in vitro experiments. Male-dependent spermiogenesis was first linked to proteolysis by the discovery of SWM-1. This protein carries two trypsin inhibitor-like domains and prevents ectopic spermiogenesis in the male gonads (Stanfield & Villeneuve, 2006) . Indeed, SWM-1 likely inhibits TRY-5 (Smith & Stanfield, 2011) , a serine protease that activates male-dependent spermiogenesis as mSAF. Seminal fluids presumably contain another protease SAF for male-dependent spermiogenesis that is blocked by SWM-1. If ProK corresponds to TRY-5, Pron might be an in vitro substitution for another mSAF. Defining whether one or multiple proteases function during spermiogenesis in males is required to elucidate how in vivo and in vitro SAFs are functionally related to each other.
Our genetic and pharmacological analyses have given us new insights into C. elegans spermiogenesis that allow us to propose a new model for spermiogenesis pathways in this animal ( Figure 9 ). Our work suggests that the spe-8 class genes might act in both hermaphrodite-and male-dependent spermiogenesis. As previously reported (Fenker et al., 2014) , we found that snf-10(hc194) spermatids do not respond to Pron stimulation ( Figure 3G ,G′). Male-dependent spermiogenesis is aberrant in snf-10(hc194) mutants, and this probably explains why snf-10 mutant cells were not activated by ProK treatment (Figure 3H,H′) . One plausible interpretation of this fact is that the Pron-activated SPE-8 class-dependent pathway corresponds to male-dependent spermiogenesis. Previously, only hermaphrodites were considered to require the spe-8 class genes during C. elegans spermiogenesis, because spe-8 class mutant males were fertile. Ancestral dioecious nematode species presumably had two redundant pathways for spermiogenesis in males (Baldi, Cho, & Ellis, 2009; Wei et al., 2014) . So, perhaps the SPE-8 class-dependent pathway evolved from one that initially functioned exclusively in males to one that functioned primarily, but not exclusively, in hermaphrodites.
ZnCl 2 did not activate snf-10-null mutant spermatids after 20-min incubation ( Figure 3I,I′) , but prolonged incubation allowed mutant cells to activate into spermatozoa (data not shown). There might be multiple pathways that are activated by zinc, one of which depends on SNF-10, corresponding to male-dependent spermiogenesis. Another pathway is presumably independent from SNF-10, corresponding to hermaphrodite-dependent spermiogenesis, and activated later than the SNF-10-dependent pathway. Indeed, the micronutrient element zinc has been proposed to regulate spermiogenesis in hermaphrodites and males (Liu et al., 2013) .
Our analyses of zipt-7.1(ok971) spermatid activation (Figure 4 ) lead to a similar interpretation to that proposed for snf-10(hc194) cells. The zipt-7.1-encoded zinc transporter functions during spermiogenesis in both sexes (Zhao et al., 2018) . As ProK can induce spermiogenesis in the zipt-7.1 mutant cells, this suggests that male-dependent spermiogenesis contains an additional pathway(s) besides the ProK-induced pathway. As for snf-10 mutants, perhaps the Pron-induced pathway acts through spe-8 class genes during male-dependent spermiogenesis.
Previous work suggested that the SPE-8 class-dependent and class-independent spermiogenesis pathways share common downstream signaling, including the MAPK cascade (Liu et al., 2014) . Our analyses using MAPK inhibitors ( Figure 5 , Supporting Information Figure S2) showed that a JNK inhibitor almost completely blocks spermiogenesis in Pron-treated spermatids, whereas ProK could activate most spermatids in the presence of JNK inhibitor. Although ERK1/2 and p38 inhibitors had a modest effect on spermiogenesis after Pron-or ProK-treatment of spermatids, these two compounds, like the JNK inhibitor, showed significant inhibitory effects during Zn 2+ -induced spermiogenesis. These findings suggest that Genes to Cells TAJIMA eT Al.
the Pron-, ProK-and Zn 2+ spermiogenesis activators use different MAPKs, and define three distinct pathways. We evaluated several MAPK inhibitors, but only the JNK inhibitor caused >95% inhibition of the Pron-and Zn 2+ -induced pathways, suggesting that JNK plays a pivotal role(s) during spermiogenesis. Although such the pharmacological approach is useful, one worries that MAPK inhibitors might not be absolutely specific and/or could depend on cell types that are treated with the drugs. As the C. elegans genome is predicted to encode four JNK-type MAPKs (JNK-1, KGB-1, KGB-2 and C49C3.10) (Andrusiak & Jin, 2016) , we are currently investigating the functions of these JNKs during spermiogenesis, using appropriate mutants. KGB-1 might be intriguing, because kgb-1 mutant hermaphrodites and males are sterile, but male germ cells are present in the gonads of both sexes (Smith et al., 2002) , implying that kgb-1 mutant spermatids might not appropriately transform into spermatozoa. ERK and p38, unlike JNK, might not play their roles in the protease pathways, but possibly act in the zinc-activated spermiogenesis pathway. Like JNK-type MAPKs, multiple paralogs of ERK (MPK-1 and MPK-2) and p38 (PMK-1, PMK-2 and PMK-3) are encoded in the C. elegans genome. The evolutionarily conserved ERK signal transduction pathways regulate a variety of cellular events, including proliferation and differentiation of various cell types, whereas p38 MAPKs seem to be involved in response to environmental stresses (Roux & Blenis, 2004) . Thus, determining which paralogs of ERK and p38 MAPKs are involved in C. elegans spermiogenesis remains as an important goal.
We screened a chemical library and discovered a novel compound (DDI-1) that blocks spermiogenesis. This compound blocked pseudopod extension elicited by treatment of spermatids with either Pron or ProK. Three DDI-1 derivatives that we synthesized, DDI-1A, DDI-1C and DDI-H (Supporting Information Figure S3 ), retained this ability to block Pron-stimulated spermiogenesis, but they were without effect on ProK-stimulated spermiogenesis. Perhaps DDI-1 interacts with a target protein(s) in the Pron pathway and another in the ProK pathway, whereas DDI-1A, DDI-1C and DDI-H preferentially bind to a protein(s) that specifically acts in the Pron pathway. Zn 2+ seems to act at a different point in the pathway or, perhaps, another pathway, as none of the compounds of the DDI-1 series affected Zn 2+ -induced spermiogenesis ( Figure 7 , Supporting Information Figure S4 ). So far, our attempts to chemically modify DDI-1 so that it can be attached to beads and used for affinity purification have been unsuccessful. Consequently, we searched for and recovered two EMS-induced mutants that were resistant to the effects of DDI-1 as an alternative way to identify the DDI-1 target protein(s). Other than drug resistance, both of these mutants showed no other obvious defects and they had normal self-fertility (data not shown). We are currently investigating whether or not these two mutations suppress or enhance the defects of spe-8 class, snf-10 and zipt-7.1 mutants. Moreover, a complementation test, single nucleotide polymorphism (SNP) mapping including chromosomal mapping, and deep genomic sequencing are ongoing to identify the affected gene(s) in these two mutants. These mutants should be quite useful in showing how pseudopod extension is regulated by the different spermiogenesis pathways that function in C. elegans.
| EXPERIMENTAL PROCEDURES
| Worm strains
We maintained and cultured worms at 20°C, unless otherwise stated, according to standard methods reported by Brenner (1974) . Caenorhabditis elegans var. Bristol (N2), him-5(e1490)V (DR466) or him-8(e1489)IV (CB1489) worms were used as wild-type/control strains. We also used the following strains in this study:
(ok971)IV (VC739) and him-8(tm611) IV(CA259).
All the above strains were obtained from the Caenorhabditis Genetic Center (CGC, at the University of Minnesota, USA).
| Chemicals and reagents
Pron and AEBSF were purchased from Sigma-Aldrich; ProK from Nacalai (Kyoto, Japan); U0126 (MEK1/2 inhibitor), SP600125 (JNK inhibitor) and SB202190 (p38 inhibitor) from Wako (Osaka, Japan); and FM1-43 from Molecular Probes. Other chemicals that we used were of the highest quality available. The stock solutions 20 mg/ml Pron and 10 mg/ml ProK were prepared in 1 mM HCl, 400 mM AEBSF and 1 mg/ml FM1-43 in water, and 10 mM U0126, SP600125, SB202190 and DDI-1-related compounds in dimethyl sulfoxide (DMSO). All of these stock solutions were stored at −80°C. Before use, small aliquots of each stock solution were thawed at room temperature and diluted with 1 × sperm medium (1 × SM, 50 mM Hepes-NaOH, pH 7.4, containing 45 mM NaCl, 5 mM KCl, 1 mM MgSO 4 , 5 mM CaCl 2 and 10 mM glucose) to prepare working solutions (Nishimura, Tajima, Comstra, Gleason, & L'Hernault, 2015) .
| In vitro spermiogenesis assay
All steps were carried out at room temperature (~22°C). Spermatids were released by dissection of five males in 10 μl of inhibitor solution (1 × SM containing 1% DMSO | Genes to Cells TAJIMA eT Al. or 100 μM of an inhibitor such as a MAPK inhibitor or a DDI-1-related compound). After 5-min incubation, 10 μl of SAF solution (1 × SM containing 400 μg/ml Pron, 400 μg/ ml ProK or 6 mM ZnCl 2 ) was added to the cells, and they were incubated for an additional 15 min. For AEBSF activation, males were dissected in 5 μl of inhibitor solution, and released spermatids were incubated for 5 min. We next added 5 μl of 1 × SM containing 20 mM AEBSF, incubated this mixture for 3 more min and then added 10 μl of 1 × SM before a final 12-min incubation; the final volume of each preparation was 20 μl. To stain cellular membranes, 5 μl of FM1-43 solution (1 × SM containing 20 μg/ml FM1-43) was added to the 20-μl preparation. After a 5-min incubation, the fluorescently stained cells were observed under the LSM710 confocal microscope (Carl Zeiss), and DIC and fluorescent images were acquired.
| Screening of compounds that block
Pron-induced spermiogenesis
The Core Library was provided from the DDI (at the University of Tokyo, Japan). Out of ~9,600 entries that are contained in the library, we screened 480 compounds for effects on an in vitro spermiogenesis assay (see the Section 4.3) using Pron and ProK as SAFs. Each candidate compound (10 mM solutions in DMSO) was added to inhibitor solution (100 μM final), and its effect on spermatid activation was evaluated.
4.5 | Forward genetic screening of mutant worms of which spermatids are resistant to DDI-1 C. elegans hermaphrodites were mutagenized with EMS according to standard methods (Brenner, 1974). him-8(tm611) hermaphrodites, which produce ~40% males, were used to easily obtain males among self-progeny. Briefly, him-8(tm611) worms at the fourth larval (L4) stage (P 0 , ~60% of total were hermaphrodites) were incubated with 50 mM EMS at room temperature for ~4 hr. Ten mutagenized P 0 worms were transferred onto a single 60-mm nematode growth medium (NGM) agar plate containing E. coli OP50 lawns (20 plates, 200 P 0 worms total). After ~100 fertilized F 1 eggs were laid onto each plate, the P 0 worms were removed and discarded. Twenty-five F 1 hermaphrodites were picked from each plate and individually transferred onto NGM plates (500 F 1 worms total). We picked ~20 F 2 male from each plate, and they were individually examined by our in vitro spermiogenesis assay (see the Section 4.3) using Pron and DDI-1 to identify DDI-1-resistant males. If a tested F 2 male was positive in the assay, we repeated this process on successive males in his pedigree until we identified hermaphrodites that produced 100% DDI-1-resistant sons. Such hermaphrodites were outcrossed with N2 males five times, in order to remove unrelated mutations as much as possible.
